M
alaria is an increasing global problem, and resistance to the present antimalarial drugs has necessitated new therapeutic approaches 1 . Understanding host responses to the Plasmodium species that cause malaria is critical for the rational design of effective antimalarial therapies and vaccines. The malaria parasite has evolved many mechanisms with which to evade immune responses, including a period of obligate intracellular growth in immune-privileged liver cells, plasmodial antigen switching among the 60 variations of the Plasmodium falciparum erythrocyte membrane protein PfEMP1, and inhibition of immune responses. The erythro cytic (blood) stage of malaria accounts for most of the immunopathology and mortality of malaria. Human and rodent studies have shown that CD4 + T cells and antibodies are important for protective immunity to blood-stage malaria 1 . In this issue of Nature Immunology, Butler et al. examine immune responses during malaria infection and find that Plasmodium-specific T cells show features of T cell exhaustion 2 .
Exhausted T cells develop in the setting of persistent antigen exposure, which drives a program of gene expression distinct from that of naive, memory or activated T cells and causes pathogen-specific T cells to lose functional activity 3, 4 . First described in CD8 + T cells in the mouse model of chronic infection with lymphocytic choriomeningitis virus, T cell exhaustion is now recognized as a general A new therapeutic strategy for malaria: targeting T cell exhaustion
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Boosting immune responses during malaria remains a challenge. Overcoming T cell exhaustion by blocking coinhibitory receptors offers a promising lead.
characteristic of chronic viral infections, including infection with human immunodeficiency virus, hepatitis C virus or hepatitis B virus. Exhausted T cells can express many coinhibitory receptors 5 (Fig. 1) . PD-1 (CD279) is the best-characterized coinhibitory receptor expressed during chronic infection; it is a mediator of immune dysfunction and disease progression 6, 7 . PD-1 has two ligands, PD-L1 (B7-H1 or CD274) and PD-L2 (B7-DC or CD273). PD-L1 expression is upregulated by interferons and is broadly induced on hematopoietic and nonhematopoietic cells. Signaling through PD-1 attenuates T cell antigen receptor signals and inhibits the cytokine production and cytolytic function of T cells. Blockade of PD-1 or PD-L1 during chronic viral infection can restore T cell function and diminish the viral load. The identification of exhausted T cells in malaria provides novel mechanistic insights and suggests a new therapeutic approach for malaria.
Using Plasmodium yoelii, which causes a relatively acute infection that can be detected in the blood for about 5 weeks but is eventually cleared, Butler et al. study Plasmodium-specific antibody and T cell responses 2 . Butler et al. show that CD4 + T cells and antibody responses are critical for a successful antimalaria immune response, but CD8 + T cells are not. Because tetramers of major histocompatibility complex (MHC) are not available for plasmodial antigens, the authors confirm the utility of surrogate markers (CD49 hi CD11a hi T cells) and use these to examine activated Plasmodiumspecific T cells. Plasmodium-specific T cells show functional T cell exhaustion with less production of cytokines in response to mitogens. Although exhaustion was initially described in CD8 + T cells, subsequent work has shown that CD4 + T cells also can become exhausted. Exhausted Plasmodium-specific CD4 + T cells have high expression of the coinhibitory receptors PD-1 and LAG-3 (CD223) 8 but not 2B4 or CD160 (Fig. 1) . LAG-3 binds to MHC class II proteins with a higher affinity than does CD4. Expressed on activated T cells, regulatory T cells, plasmacytoid dendritic cells and some natural killer cells, LAG-3 negatively regulates T cell activation and proliferation. In contrast, exhausted Plasmodium-specific CD8 + T cells have high expression of PD-1, LAG-3, 2B4 and CD160. A report examining human immunodeficiency virus-specific exhausted T cells has found similar differences between exhausted CD4 + and CD8 + T cells in coinhibitory receptor expression 9 .
As exhausted Plasmodium-specific CD4 + T cells have abundant expression of PD-1 and LAG-3, and CD4 + T cells are important for an effective anti-Plasmodium response, Butler et al. examine whether blockade of LAG-3 and PD-L1 (the main ligand for PD-1), alone or together, enhances antimalarial immunity 2 . They quantify P. yoelii parasites in blood and find that combined blockade of PD-L1 and LAG-3 leads to an immediate halt to the increase in blood parasites and accelerates parasite clearance. Blockade of PD-L1 alone is moderately effective, but blockade of LAG-3 alone has little effect. Dual blockade leads to more Plasmodium-specific CD4 + T cells and CD8 + T cells, which produce more cytokines and enhance parasite control during blood-stage infection in both inbred and outbred mice. Dual blockade also leads to much more protective antibody, as demonstrated by experiments showing that transfer of serum from treated mice accelerates parasite clearance in naive recipients. Plasmodiumspecific MSP1 immunoglobulin G titers are 2.5-fold higher. Consistent with that enhanced antibody response, the number of follicular helper T cells is increased by sevenfold, and n e w s a n D v I e w s npg volume 13 number 2 FebruArY 2012 nature immunology the immune response, persistent expression of tumor antigens can drive development of tumor-specific T cell exhaustion. The first coinhibitory receptor shown to restrain antitumor immunity was CTLA-4. The exciting result has been that blockade of CTLA-4 allows reactivation of T cell responses and more-effective immune response. Ipilimumab, a blocking CTLA-4-specific antibody, has been shown to improve the survival of patients with melanoma and is now an cancer immunotherapy approved by the US Food and Drug Administration 12 . Clinical trials of PD-1 are in progress and have shown promise for a range of tumors 13 . Cancer immunotherapy with antagonists of other coinhibitory pathways is an active area of investigation. Blocking antibodies provide proof of principle and a first generation of therapeutics, but intensive effort is needed to identify small-molecule antagonists that are affordable and easily delivered.
Because exhausted T cells often express multiple coinhibitory receptors, a critical goal of the next few years will be to examine the effect of blocking combinations of coinhibitory pathways and to determine the efficacy of such therapy, alone and in combination, in chronic infection and cancer. Dual blockade of PD-L1 and LAG-3 or of PD-L1 and TIM-3 is synergistic from about 1% of CD4 + T cells to 3%, which suggests an exhausted immune response in human malaria and the therapeutic potential of blockade of the coinhibitory pathway. This paper adds malaria to the growing list of chronic infections in which T cell coinhibitory receptors limit pathogen eradication 2 . One of the surprises in immunology of the past 15 years has been the large number of T cell-inhibitory pathways that come into play after immune activation. The initiation of an immune response has a high activation threshold, with the innate immune system surveying the environment and upregulating costimulatory molecules when infection is detected. Once initiated, the immune response is immensely powerful, with the ability to purge infection but also with the potential to cause great tissue damage. Thus, the extent of immune activation needs to be highly regulated to control immune-mediated tissue damage. Inhibitory pathways serve to terminate an immune response and resolve inflammation.
The same coinhibitory receptors involved in T cell exhaustion during chronic microbial infections also participate in tumor-specific T cell exhaustion 10, 11 . Incipient cancers are surveyed and can be eliminated by the immune system. When a tumor evades eradication by that of plasmablasts, by 50-fold. Why might there be synergy between blockade of PD-L1 and blockade of LAG-3? One possibility is that blockade of PD-L1 upregulates IFN-γ production and the greater abundance of IFN-γ may lead to higher expression of MHC class II, a ligand for LAG-3. Therefore, blockade of PD-L1 may increase LAG-3 inhibitory signaling, creating a situation in which dual blockade would act synergistically.
Butler et al. also examine infection of mice with Plasmodium chaubadi, because this models chronic recrudescent malaria in humans, which can last for years 2 . P. chaubadi establishes a persistent infection. Parasites are below the limit of detection by blood smear after 3 weeks, but persist, as blood will transfer infection. Combined blockade of PD-L1 and LAG-3 results in sterilizing immunity in which blood does not transmit infection, which suggests that dual blockade can successfully eliminate a low, persistent infection.
The findings noted above are relevant to human malaria. Butler n e w s a n D v I e w s npg CTLA-4 blockade for melanoma is a turning point in immunotherapy. The blockade of coinhibitory pathways alone or in combination offers great hope for the treatment of chronic infections and cancer.
immunostimulators with blockade of a coinhibitory pathway. The efficacy of therapeutic vaccination, which aims to enhance antimicrobial immune responses during chronic infection, has been disappointing; however, combined blockade of PD-L1 and therapeutic vaccination synergistically enhance T cell immunity and viral clearance. Additional immunostimulatory approaches would include vaccine adjuvants such as ligands for Toll-like receptors or agonistic agents such as monoclonal antibody to the T cell-activation molecule 4-1BB. Combination therapies also may allow use of doses of some agents that are tolerated better by patients. For example, administration of IL-2 in conjunction with blockade of PD-L1 might permit the use of lower, nontoxic amounts of IL-2. Perhaps most promising may be to combine blockade of a coinhibitory receptor with targeted drug therapy, such as inhibitors of the serine-threonine kinase B-Raf in cancer or new-generation antimicrobial drugs in chronic infection.
In conclusion, T cell exhaustion is proving to be a common mechanism of immunoevasion in chronic infection and cancer. The identification of T cell exhaustion in malaria offers a much needed and novel therapeutic strategy for this devastating disease. The approval of in both chronic infection and cancer 10, 11, 14 . Further work is needed to establish which additional combinations are synergistic, additive or antagonistic. Because many coinhibitory pathways also have a role in peripheral tolerance, blockade of coinhibitory pathways has the potential to break tolerance and elicit selfreactive immunopathology. It will be important to determine which combinations have an acceptably small amount of adverse effects.
The development of antibiotic resistance has shown that targeting a single mechanism of action allows more rapid development of resistance than does targeting two independent mechanisms; consequently, targeting a coinhibitory pathway and a second, distinct pathway may be more effective. Multiple inhibitory mechanisms regulate exhausted T cells. Studies have illustrated the therapeutic potential of combining blockade of a coinhibitory pathway with a complementary approach to boost immune responses. One effective approach is targeting a coinhibitory receptor and an inhibitory cytokine; dual blockade of the PD-1 and interleukin 10 (IL-10) pathways acts in synergy to promote viral clearance in the model of chronic infection with lymphocytic choriomeningitis virus 15 . A second promising approach is to combine Janelle S. Ayres and Russell e. vance are in the Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, California, USA. e-mail: rvance@berkeley.edu I nflammasomes are cytosolic sensors that rapidly activate the caspase-1 protease in response to microbial infection 1 . Caspase-1 cleaves and activates two proinflammatory interleukins, IL-1β and IL-18, and also initiates the rapid and lytic host-cell death called 'pyroptosis' . Inflammasomes are among the earliest detectors of infection, and although an important protective role for pyroptosis in vivo has been demonstrated 2 , the mechanisms by which inflammasomes mediate host defense are only beginning to be understood. In this issue of Nature Immunology, Kupz and
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IFN-g is a cytokine that is critical for defense against intracellular bacterial pathogens. New work provides evidence that the recognition of bacterial flagellin by the NLRC4 inflammasome in splenic dendritic cells triggers rapid release of IL-18, which leads to IFN-g production by memory CD8 + T cells.
colleagues now identify an unexpected role for inflammasome-dependent IL-18 in the rapid production of interferon-γ (IFN-γ) by memory CD8 + T cells 3 . This new work challenges some key assumptions about inflammasomes and raises some interesting questions for the future.
The important role of memory CD8 + T cells in the adaptive immune response is well established and requires antigen recognition by the T cell antigen receptor. However, evidence stemming from a handful of studies has demon strated that memory CD8 + T cells can also provide important 'innate' contributions to host resistance in the absence of activation of the T cell antigen receptor [4] [5] [6] [7] [8] [9] . In vitro and in vivo infection models using the intracellular bacterial pathogens Burkholderia pseudomallei 9 and Listeria monocytogenes [4] [5] [6] [7] 9 have shown that the proliferation and IFN-γ secretion of memory CD8 + T cells can occur in the absence of engagement of the T cell antigen receptor. The production of IFN-γ by CD8 + T cells occurs very rapidly after infection and contributes to host resistance to infection, but the cellular and molecular mechanisms that regulate the innate activation of memory CD8 + cells during infection remain unclear. Active infection does not seem to be necessary, as injection of microbial molecules such as lipopolysaccharide and double-stranded RNA can also induce this response 8 .
In the study presented in this issue, Kupz et al. demonstrate that antigen-independent secretion of IFN-γ by memory CD8 + T cells also occurs in mice infected with the intracellular bacterial pathogen Salmonella enterica serovar Typhimurium (S. Typhimurium) 3 . n e w s a n D v I e w s npg
